Abstract Innate immune signaling is mediated by a number of membrane-anchored or cytosolic receptor or sensor molecules. Several receptor families utilize conserved signaling domains such as the Toll/interleukin-1 receptor (TIR) domain and Pyrin domain (PYD) to link microbe recognition to induction of proinflammatory cytokines and interferons. Recent studies have identified a number of bacterial and viral TIR domains and PYD domains that directly target the signaling function of their host homologues. Emerging biochemical and structural studies of these microbial TIR and PYD domains suggest that they are mimics of their host counterparts at the sequence and structure levels. Unraveling the mechanisms of such molecular mimicry is crucial to our understanding and clinical intervention of infectious diseases and inflammatory disorders.
The innate immune system is the first line of defense against infection. Several protein families have evolved to function as receptors or sensors of pathogen invasion, such as the Toll-like receptors (TLRs), nucleotide binding and oligomerization domain (NOD)-like receptors (NLRs), and retinoic acid-inducible gene 1 (RIG-I)-like receptors or helicases (RLRs or RLHs) [1] . Such molecular recognition events activate innate signaling pathways and secretion of proinflammatory cytokines or interferons to both limit initial infection and orchestrate adaptive immunity for long-term protection. The innate immune signaling pathways evolved through a combinatorial employment of several protein domains for pathogen sensing and subsequent signal transduction [2] . The signaling domains couple upstream pathogen sensing by the receptors to downstream effector expression and secretion through homotypic protein-protein interaction. There are two types of signaling domains for the above receptors: the TIR domain for the TLRs [3] , and the Pyrin domain (PYD) or caspase recruitment domain (CARD) for the NLRs and RLRs. The TIR domains contain five α helices and five parallel β strands and belong to the Rossmann-fold family as characterized by the CATH database [4] (Fig. 1a, b ). PYD and CARD belong to the same death domain superfamily of six-helical bundle fold [5] (Fig. 1c, d ). Both TIR domains and the death domain superfamily are known to form specific domain-domain complexes to mediate protein-protein interactions. Recent studies have revealed a number of microbial homologues of these host signaling modules and suggested potential interference mechanisms through mimicry of host proteins. In particular, this review will focus on several bacterial and viral TIR domains that sabotage TLR signaling, as well as poxvirus PYD-only proteins that target cytosolic receptors for inflammatory responses.
TIR Domains as Central Signaling Modules for TLRs
Five TIR adaptors have been discovered in human, including myeloid differentiation factor-88 (MyD88) as a central adapter for most TLRs, TIR domain-containing adapter protein inducing interferon-β (TRIF) as a second adapter for TLR3 and TLR4, TIR domain-containing adapter protein (TIRAP) or MyD88 adapter-like protein (MAL) as a bridging adapter for MyD88, TRIF-related adapter molecule (TRAM) as a bridging adapter for TRIF, and sterile α-and armadillo-motif-containing protein (SARM) [3] . SARM is the only negative regulator that inhibits signaling from TRIF. Through mostly sequence homology search, TIR domain-containing proteins have been uncovered in a number of bacteria such as Salmonella enterica [6] , uropathogenic Escherichia coli strain CFT073 and Brucella melitensis [7] , and Brucella abortus [8] . This new class of virulence factors has been shown to interfere with host TLR signaling, as discussed below.
Several TIR domain structures have been experimentally determined by X-ray crystallography or nuclear magnetic resonance spectroscopy, such as those for TLR1 and TLR2 [9] , TLR10 [10] , IL-1RAPL [11] , or MyD88 [12] , as well as TIR domains from bacteria Paracoccus denitrificans [13] and plant Arabidopsis thaliana [14] . A prominent feature of the TIR domain sequences is the three conserved box 1, box 2, and box 3 regions [9] . These three regions map to the hydrophobic core of the domain structure, as well as a long "BB" loop that was proposed to be the primary protein-protein interaction site.
TcpC Modulates MyD88 Signaling
TcpC from uropathogenic E. coli strain CFT073 was identified in a bacterial genomic sequence search [7] . Even with minimal sequence similarity to the human TIR domain proteins, the typical box 1, 2, and 3 sequences are present within the C-terminal ∼200 residues of TcpC. This allowed for prediction of its tertiary structure that is very similar to its mammalian homologues. Pull-down assays demonstrated direct interaction between TcpC TIR domain and fulllength MyD88, presumably through their respective TIR domains [7] . TcpC was shown to directly impair signaling through TLR2 and TLR4, reduce proinflammatory cytokine secretion, and increase bacterial burden in murine urinary tract and renal tissue infection models. The significance of TcpC as a virulence factor was highlighted by the correlation of TcpC-expressing bacteria strains from clinical samples with severity of urinary tract infection [7] . Surprisingly, even though TcpC does not contain a typical secretion signal, it was secreted by bacteria and taken up by macrophages to dampen cytokine production [7] . As the host TIR domain proteins are only known to be present in the cytosol, the above observation represents a novel shuttling ability of TIR domain proteins through lipid membrane, perhaps aided by cryptic localization signals and/or other transport proteins.
TcpB Facilitates Degradation of TIRAP/MAL
TcpB and Btp1 are identical proteins from Brucella bacteria except for a single mutation A138V within the predicted αA helix of their TIR domains [7, 8] . Both proteins were shown to downregulate TNF production by macrophages [7] or dendritic cells [8] . Unlike TcpC, however, infection with Btp1-deficient bacteria did not alleviate symptoms of murine brucellosis [8] , suggesting other redundant mechanisms of immune evasion. Because of the retarded maturation of dendritic cells upon Brucella infection, it was proposed that Brucella might play a role in facilitating the induction of immune tolerance and chronic infection [8] , although the exact role of Btp1 or other Brucella proteins in this process is not well understood. Recent studies suggest that TcpB targets signaling by TIRAP/MAL through at least two mechanisms. The first line of evidence by Radhakrishnan and colleagues demonstrated the localization of TcpB at the plasma membrane through its association with phosphoinisitides (PtdIns) [15] . This is reminiscent of the binding of phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) by the N-terminal region of TIRAP/MAL and its recruitment to the plasma membrane. The membrane localization is essential for its role as a bridging adapter between TLR2 or TLR4 and MyD88 [16] . Nonetheless, the implicit mimicry of TIRAP/MAL by TcpB has not been substantiated by direct binding of TcpB with TIRAP/MAL partner proteins such as MyD88 or TLR4, either through their TIR domains or otherwise.
Earlier studies demonstrated that phosphorylation of TIRAP/MAL by Bruton's kinase at Tyr86, 106, and 187 was important for its signaling and NF-κB activation [17] [18] [19] . Furthermore, phosphorylation of TIRAP/MAL resulted in its association with suppressor of cytokine signaling (SOCS)-1, a negative regulator of cytokine signaling [20] . SOCS-1 is an E3 ligase that contains an SH2 domain, which binds phosphorylated tyrosines. Interaction of phosphorylated TIRAP/MAL with SOCS-1 causes polyubiquitination at residues Lys15 and Lys16, followed by its degradation and downregulation of TLR2 and TLR4 signaling [20] . In a striking resemblance, a new study by Sengupta and colleagues showed that TcpB promoted polyubiquitination and subsequent degradation of TIRAP/ MAL, and this degradation process seemed more efficient for phosphorylated TIRAP/MAL [21] . It is currently unclear whether TcpB is an adapter for other proteases, is a protease itself, or contains E3 ligase activity like SOCS-1 to mediate proteasome-mediated degradation. The above two mechanisms of TIRAP/MAL inhibition by TcpB are not necessarily independent of each other: localization of TcpB to the plasma membrane can facilitate the binding, ubiquitination, or degradation of TIRAP/MAL by TcpB or other associated ubiquitination enzymes or proteases.
PdTLP Contains a TIR Domain that Binds MyD88
Through similar genomic sequence mining, a TIR domaincontaining protein PdTLP was identified in P. denitrificans [22] . GST pull-down and co-immunoprecipitation studies demonstrated direct binding of the PdTLP TIR domain (PdTIR) with human and mouse MyD88 TIR domain [13, 22] . The binding affinity between PdTIR and MyD88 appeared to be relatively low based on the GST pull-down assay [22] . The crystal structure of PdTIR is the first among microbial TIR domains to be determined [13] (Fig. 1b) . It adopts a typical TIR domain fold, with a unique homodimerization interface mediated by the DD and EE loops. The exposed BB loop was proposed to be the site of heterotypic interaction with partner TIR domains, such as that from MyD88 [13] . The function of PdTLP as a virulence factor has not been characterized, as it is unclear whether its ability to interact with MyD88 dampens signaling from TLRs, or offers any advantage for bacterial infection, replication, or dissemination.
TlpA is an Essential Virulence Factor During Salmonella Infection
The Salmonella protein TlpA was shown to be requisite for suppression of NF-κB activation as well as IL-1β secretion during Salmonella infection. The fatality of mice infected with wild-type bacteria strain was significantly higher than those infected with TlpA-deficient strain [6] . Even though there are detectable sequence similarity between TlpA and TIR domains from human and other bacterial proteins, particularly at the box 1 and box 2 regions, direct interaction of TlpA with any of the TIR domain signaling proteins has not been demonstrated and preliminary report suggested that it does not bind MyD88 directly [6] . On a cautionary note, a caveat of identifying TIR domains with marginal sequence similarity is that some of the proteins with certain TIR domain signature sequences may turn out to adopt completely different folds in their tertiary structures.
Vaccinia Virus A46R Targets TIR Domain Adapters A46R was first cloned as a TIR domain-containing protein from vaccinia virus [23] . It was later shown to suppress signaling from multiple TLRs [24] . In particular, A46R downregulated NF-κB and mitogen-activated protein kinase activation induced by IL-1α but not TNFα. Perhaps more importantly, A46R blocked IRF3 activation by TRIFmediated signaling and thus prevented the secretion of IFN-β, which functions to suppress viral replication [24] . Intranasal infection model showed A46R-deficient virus had diminished virulence, consistent with the above observations. GST pull-down and co-immunoprecipitations indicated that transfected A46R was present in protein complexes containing host TIR domain proteins MyD88, TIRAP/MAL, TRIF, or TRAM but not SARM. This suggests that A46R specifically targets signaling but not negative regulator TIR domains. Recombinant GST-tagged A46R was shown to interact with TIRAL/MAL directly, but its binding to other TIR domain proteins has not been demonstrated.
The mechanisms of A46R's broad-spectrum antagonism to TLRs are unclear. It was suggested that the uniquely long BB loop at the box 2 region of its TIR domain might contribute to its ability to bind multiple TIR domains of diverse sequences [24] . Currently, mutagenesis studies of this loop or structural characterization of A46R have not been reported.
Pyrin-Only Proteins from Poxviruses Suppress Inflammasome Activation
Poxviruses encode a plethora of immune evasins that modulate both innate and adaptive immune responses [25] . Several poxviruses encode PYD-only proteins such as M013L from Myxoma virus [26, 27] (Fig. 1d) and gp013L [28] from Shope fibroma virus. Both proteins were shown to downregulate secretion of inflammatory cytokines IL-1β and IL-18, which bears intriguing similarity to the function of PYD-only proteins from hosts as negative regulators [29] . Compared with wild-type virus, infection by M13L-deficient virus was characterized by diminished viral load and rapid resolution of infection without mortality [26] . Transfected M013L and gp013L had distinctive cytosolic punctate distributions and were colocalized with ASC specks [26, 28] . ASC (apoptosisassociated speck-like protein containing a CARD) is a crucial signaling adapter for NLRs, of which several members are known to form inflammasomes to induce IL-1β and IL-18 secretion [30] . The co-localization and association between M013L and gp013L with ASC appeared to be mediated by their respective PYD domains. The mechanism of inflammasome inhibition may be attributed to viral protein association with ASC resulting in a disconnection between receptor/sensor activation and downstream effector caspase-1 activation.
The cytosolic receptor for poxvirus DNA has recently been identified as absent in melanoma 2 (AIM2) [31] , a protein of the PYHIN/HIN200 family that contains both a PYD domain and a HIN200 domain known to bind DNA [32] . Because a number of cytosolic receptors other than AIM2 also utilize ASC as a central signaling adapter, the antiinflammatory effect of poxvirus PYD proteins may not be restricted to the AIM2 pathway. The pleiotropic antiinflammatory effect of these viral proteins makes them potential immuno-modulatory therapeutics for inflammatory disorders such as rheumatoid arthritis and multiple sclerosis.
Conclusion
A recent phylogenetic analysis of TIR domains identified nearly 1,200 eukaryotic TIR domain-containing proteins, as well as almost 500 bacterial homologues (Zhang and Godzik, personal communication). Surprisingly, the majority of the bacterial genomes contain a single TIR domainencoding gene. This suggests that some of these bacterial TIR domains may have binding partners from other organisms, perhaps from hosts in which the bacteria reside as either commensal or pathogenic species. This presents vast opportunities for microbe-host interaction and coevolution mediated by TIR domains.
In summary, a new class of virulence factors from bacteria and viruses has been identified that manipulate host innate immune signaling pathways through molecular mimicry. These microbial proteins contain signaling domains that bear sequence and structural similarity to their host targets, thereby potentially sabotage host immunity by hijacking crucial signaling pathways and uncouple receptor activation from effector induction. Unraveling the mechanisms of this molecular mimicry and host-pathogen interactions are essential to our understanding of microbial pathogenesis and medical intervention of relevant infectious diseases. Furthermore, immuno-modulatory molecules from microbes could serve as templates for development of therapeutics against inflammatory disorders.
